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Abstract

The gene encoding Arabidopsis thaliana aspartate kinase {(ATP:L-aspartate 4-phosphotransferase, EC
2.7.2.4) was isolated from genomic DNA libraries using the carrot ak-hsdh gene as the hybridizing probe.
Two genomic libraries from different A. thaliana races were screened independently with the ak probe
and the Asdh probe. Nucleotide sequences of the A. thaliana overlapping clones were determined and
encompassed 2 kb upstream of the coding region and 300 bp downstream. The corresponding cDNA
was isolated from a cDNA library made from poly(A) "-mRNA extracted from cell suspension cultures.
Sequence comparison between the Arabidopsis gene product and an AK-HSDH bifunctional enzyme
from carrot and from the Escherichia coli thrA and metL genes shows 80%,, 37.5%, and 31.4% amino
acid sequence identity, respectively. The A. thaliana ak-hsdh gene is proposed to be the plant thrd ho-
mologue coding for the AK isozyme feedback inhibited by threonine. The gene is present in 4. thaliana
in single copy and functional as evidenced by hybridization analyses.

The apoprotein-coding region is interrupted by 15 introns ranging from 78 to 134 bp. An upstream
chloroplast-targeting sequence with low sequence similarity with the carrot transit peptide was identi-
fied. A signal sequence is proposed starting from a functional ATG initiation codon to the first exon of
the apoprotein. Two additional introns were identified: one in the 5’ non-coding leader sequence and
the other in the putative chloroplast targeting sequence. 5’ sequence analysis revealed the presence of
several possible promoter elements as well as conserved regulatory motifs. Among these, an Opaque?2
and a yeast GCN4-like recognition element might be relevant for such a gene coding for an enzyme
limiting the carbon-flux entry to the biosynthesis of several essential amino acids. 3’ sequence analysis
showed the occurrence of two polyadenylation signals upstream of the polyadenylation site.

This work is the first report of the molecular cloning of a plant ak-Asdh genomic sequence. It describes
a promoter element that may bring new insights to the regulation of the biosynthesis of the aspartate
family of amino acids.

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under
the accession numbers X71363 (4. thaliana (Landsberg erecta) ak-hsdh gene) and X71364 (A. thaliana (Columbia) ak-hsdh gene).
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Abbreviations: AK, aspartate kinase; HSDH, homoserine dehydrogenase; ID, intermediate domain; Tp,

transit peptide.

Introduction

Aspartate is the precursor of the essential amino
acids lysine, threonine, methionine and isoleu-
cine. In bacteria, aspartate kinase (ATP:L-
aspartate 4-phosphotransferase, EC 2.7.2.4) ca-
talyses the first step of this pathway, the ATP-
dependent addition of phosphate to aspartate.
This enzyme is present in all Enterobacteriaceae
examined as three distinct isozymes: AK I-
HSDHI encoded by the thrdA gene, AK II-
HSDH II encoded by the metL gene and AK 111
encoded by the lysC gene, reviewed by Cohen and
Saint-Giron [1]. Various mechanisms of regula-
tion have been found for this enzyme: activation,
repression, growth condition-dependent expres-
sion of the AK isozymes and feedback inhibition
of the isozymes by different end-products.

In higher plants, aspartate-derived amino acid
biosynthesis occurs through a similar pathway. It
is controlled mainly by feedback inhibition of sev-
eral branch point enzymes by end products of the
pathway [2]. These key enzymes play an impor-
tant role in determining the amount of free amino
acids such as lysine and threonine which are re-
spectively the first- and second-limiting amino
acids in diets based on cereals for monogastric
animals [3]. Disruption of these regulatory loops
in higher plants led to the overproduction of lysine
or threonine [4]. To date only feedback reguia-
tion has been clearly documented in higher plants.
At least two AK isozymes have been found in
higher plants: a first isozyme is inhibited by lysine
and synergistically by lysine plus S-adenosyl me-
thionine, and a second by threonine. There is no
clear evidence in higher plants for the presence of
an insensitive isozyme as there is in E. coli. Modi-
fication of the feedback inhibition of the lysine-
sensitive aspartate kinase isozyme (Lys-AK) has
been shown to result in a higher level of threonine
in the free amino acid fraction in barley [ 5], carrot
[6], maize [7], Nicotiana sylvestris [8] and Arabi-
dopsis thaliana [9]. Lys-AK has been partially pu-

rified from barley [10], carrot [11], maize [12]
and N. sylvestris [8] and shown in the two mono-
cots to be under the control of two unlinked loci
[5,7].

Molecular analysis of aspartate kinase in the
model plant A. thaliana aims at the elucidation of
the isozyme identification and expression during
the plant development as well as at the isolation
of the lys-ak allele, desensitized to lysine inhibi-
tion in the 4. thaliana mutant 5 FALT 40/6/1 [9]
and in N. sylvesiris mutant RLT70 [8]. Recently,
one cDNA coding for one of the carrot AK
isozymes has been cloned and its translation
product was shown to be a bifunctional protein
with both aspartate kinase and homoserine de-
hydrogenase activities [ 13, 14]. We have used the
carrot cDNA as a probe to isolate the correspond-
ing gene(s) in Arabidopsis thaliana and to analyse
its structure.

Materials and methods
Carror ak-hsdh ¢cDNA as a probe

The carrot cDNA is divided into three functional
domains: AK for the aspartate kinase activity, ID
for the intermediate domain, HSDH for the ho-
moserine dehydrogenase activity [14]. The
Eco RI-Eco RV 1.2 kb fragment and the Eco RI
1.1 kb fragment of the carrot ak-Asdh cDNA cov-
ering respectively the whole AK region and the
HSDH region will be further referred to as the ak
probe and the hsdh probe.

Plant gene source

Arabidopsis thaliana race (Landsberg Erecta) was
used for Southern blot analysis. Two genomic
banks were kindly provided by Dr H. Goodman,
Boston, USA. The A. thaliana race Columbia
AEMBL3 and 4. thaliana race Landsberg Erecta
AFix genomic banks were screened respectively
with the ak probe and the Asdh probe.



DNA manipulations

Recombinant techniques were used for cloning,
screening and hybridization [ 15]. Genomic DNA
fragments were subcloned in pUC1S for DNA
sequencing and transformed [16] into E. coli
XL 1-Blue cells (Stratagene).

DNA hybridizations

Whole plants were crushed in liquid nitrogen and
total DNA was extracted following the rapid pro-
cedure of Dellaporta eral. [17]. Restriction en-
zymes were used as described by the manufac-
turer (Boehringer) at 2 units per pug in a 4h
reaction. Southern blots of genomic DNA con-
tained 10 ug of DNA per lane with the DNA
fragments separated on a 0.8 %, agarose gel. Elec-
trophoresis and transfer to Hybond-N (Amer-
sham) membrane were done according to stan-
dard procedures with a vacuum blotting system
(Pharmacia-LKB). Genomic DNA gel blots were
prehybridized at least 2 h and hybridized over-
night at 42 °C in the following buffer: 5 x SSC,
30% (v/v) desionized formamide, 0.1% (w/v)
SDS, 10 x Denhardt’s solution, 100 pg/ml hy-
droxylated salmon sperm DNA, 10 mM Tris-HCI
pH 7.5, 1 mM EDTA. DNA probes were pre-
pared from 25 ng of agarose gel-eluted DNA and
labeled with the T, DNA polymerase random-
primer labelling kit (Pharmacia). Membranes
were washedin 1 x SSC+0.1% (w/v) SDS once
20 min at room temperature and twice at 42 °C
for 30 min. Plaque hybridization was performed
identically.

Screening of a ¢cDNA library

Screening of a A UNI ZAP II cDNA library con-
structed from poly(A)"-mRNA extracted from
cell suspension cultures (kindly provided by
Dr Trezzini, Max Planck Institut, Germany) was
done using the Spe I restriction fragment (800 bp)
from plasmid pATAK2. From ca. 110000
plaques, six clones were isolated among which
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only one seemed to be full-length. All clones how-
ever displayed similar restriction digestion pat-
terns, differing only in their total length.

RNA extraction and hybridization

Poly(A)"-mRNA was extracted from rapidly
growing cell suspension cultures from callus ex-
plant of A. thaliana race Columbia (kindly pro-
vided by Prof. L. Willmitzer, University of Berlin,
Germany) using a batch method based on oli-
godT affinity chromatography (Quickprep micro
mRNA Purification Kit, Pharmacia). Northern
blotting was performed according to Fourney
etal. [18].

DNA sequencing

The nucleotide sequence was determined on both
strands of denatured plasmid DNA using the
dideoxy chain-termination method [19] with the
Sequenase version 2.0 sequencing kit (United
States Biochemical Corp.).

Promoter-GUS fusion

The construction of the chimeric gene was initi-
ated by PCR amplification of the pATAK2 insert
using the reverse primer and the 23-mer oligo-
nucleotide CATGGCGTAACTCAGTCAAA-
CAC complementary to the sequence beginning
at position 2045. The 350 bp amplification prod-
uct was digested by Hind III and subcloned into
pUCI18 digested with Hind III and Sma 1. The
nucleotide sequence was verified to avoid pos-
sible PCR mistakes. The Hind I11-Nco I fragment
was finally subcloned in the corresponding sites
of pHWS (Dr J Botterman, PGS, Belgium). This
construct is referred to as pEPAK3. pEPAK4
was obtained by removing the Bam HI-Bg/ Il
fragment from pEPAKS3, leaving a 270 bp frag-
ment. The expression study was conducted with
this construct.
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Transient gene expression study

Protoplasts from cell suspensions of Nicotiana
plumbaginifolia and the transient gene expression
experiment were performed according to Bilang
and Schnorf [20] with a modified enzyme solu-
tion (Drieselase 0.4%, Cellulase 0.5%,, Macer-
ozyme 0.5% ). GUS enzymatic activity was mea-
sured essentially as described by Jefferson [21].

Results

ak and hsdh DNA sequences are clustered within a
single locus :

Genomic DNA of A. thaliana race Landsberg
erecta was analysed on Southern blots to deter-
mine the complexity of the hybridization pattern
with the ak probe (Fig. 1A) and hsdh probe
(Fig. 1B). DNA hybridization was first performed
under relaxed hybridization conditions with the
ak probe. After 3 days of autoradiography, the
membrane was washed and rehybridized with the
hsdh probe. Comparison of the two autoradiog-
raphies shows that the Fco Rl and Hind III di-
gestions give different hybridization signals
whereas with the Bam HI digestion, the signal is
exactly at the same position. No other hybridiza-
tion signals could be detected by Southern blot
analysis although relaxed hybridization condi-
tions were used. This was our first evidence that
ak and hsdh were probably also clustered in a
single locus in Arabidopsis.

ak-hsdh nucleotide sequence and gene structure

The carrot ak probe was used to screen a genomic
bank, AEMBL3 A. thaliana race Columbia
(Fig. 2). One positive clone, AE19, was further
characterized and shown to contain the AK en-
coding region and a 10 kb fragment upstream.
However the 3’ end of the gene was not present
on this clone. The 2.8 kb, 2.7 kb, 5.6 kb Hind 111
fragments and the 5 kb Eco RI-Sall fragment of
AE19 were subcloned into pUC 18 and desig-
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Fig. 1. Hybridization pattern between Arabidopsis thaliana
total DNA and the carrot gene. 10 ug of A. thaliana (race
Lansdberg erecta) genomic DNA restricted by Bam HI
(lane 1), Eco RI (lane 2), Hind III (lane 3). Lane 4 is 100 pg of
Eco RI-Eco RV restricted ak-hsdh cDNA of carrot. The filter
was successively hybridized with the ak probe (A) and the
hsdh probe (B).

nated pATAKI1, 2, 3 and 4. Nucleotide sequenc-
ing showed that they contained homologous
regions to the carrot ak and id regions (Figs. 3
and 5a). Screening with the Asdh probe did not
allow the isolation of a new clone. This is prob-
ably due to the different amplifications performed
on that genomic bank. Therefore another genomic
bank, AFIX A. thaliana race Landsberg erecta,
was screened with the Asdh probe and one clone
among the 5 positive clones isolated, AF211 was
shown to overlap the AE19 and to contain the 3’
end of the gene. The 1.8 kb Eco RI-Sal I fragment
and the 2.2 kb Eco RI fragment were subcloned
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Fig. 2. ak-hsdh gene structure and cloning strategies. Carrot ak-hsdh restriction map is presented with the following abbreviations:
MCS 19, multiple cloning site of vector pUCI19; E, Eco RI: EV, Eco RV. White boxes are the exons of the Arabidopsis thaliana
ak-hsdh-coding region. Length of introns (black boxes) is indicated above each of them. M represents the initiation codon while
KFGG is the 5" end conserved AK amino acid sequence. TP, AK, I,, HSDH are the functional domains, respectively the transit
peptide, aspartate kinase, intermediate domain and homoserine dehydrogenase. Overlapping regions of the gene are from pATAK?2

and pATHD.

and designated pATHDI1 and 2. Nucleotide se-
quencing revealed that AF211 contained a 1.4 kb
overlapping region with the clone pATAK4, the
end of the gene and a 10 kb fragment downstream.
Restriction analysis of the genomic fragments re-
vealed a physical map in agreement with the
Southern blotting analysis. The nucleotide se-
quence of the Arabidopsis ak-hsdh gene resulting
from the sequencing of part of AE19 and AF211
phages is presented in Fig. 3.

The position of the exons were determined by
homology comparisons with the carrot and A.
thaliana cDNAs and using the GT...AG bound-
aries rule of the introns. Translation of the exons
of the Arabidopsis gene shows that it also encodes
a bifunctional AK-HSDH protein. The NH, end
of AK-HSDH, a chloroplast-localized enzyme, is
expected to begin with a transit peptide (Tp) se-
quence as observed with the carrot enzyme. The

localization of the putative Tp sequence of the
A. thaliana ak-hsdh gene derives from the nucle-
otide sequence comparison with a cDNA which
was isolated using as probe the 5’ end of the gene
(the 800 bp Spe I fragment of pATAK2). This
cDNA which begins at position 1965 and ends at
position 6645 displays one long open reading
frame of 2736 bp starting with a first ATG at
position 2159 bp. One small intron was found in
the 5’ non-coding region of the gene, and another
in the putative Tp sequence. Assuming the iden-
tified ATG is the ak-hsdh initiation codon, we
propose a Tp sequence which best fits the amino
acid composition of the chloroplast T, sequences
[22], the conserved sequences of the 5’ and 3’
junctions for plant introns according to Brown
[23] and the sequence similarities with the other
plant ak-hsdh sequence [ 14] (Figs. 3 and 5a). The
nucleotide sequence of the transit peptide is also
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taken into account since it appears to be more
conserved than the amino acid sequence as re-
ported by Kaneko ez al. [24]. The Tp sequence
most probably ends before the KFGG motif, thus
being of around 80 amino acids long. Two evi-
dences support this assumption: the amino acid
sequence identities drop down abruptly upstream
of this sequence, and this motif has been found at
the amino end of all the AK characterized to date
including Escherichia coli [25-27], Serratia marce-
scens [28], Bacillus subtilis [29], Corynebacterium
glutamicum 30, 31], Saccharomyces cerevisiae
[32] and higher plants [14].

The AK-HSDH apoprotein coding sequence is
interrupted by 15 introns. Together with the leader
and Tp sequences, a total of 17 introns are iden-
tified. They are small, ranging between 78 and 134
nucleotides in length, a common feature of 4ra-
bidopsis genes. Their consensus sequence fits very
well with the plant splice junction consensus se-
quence [23]. Using the intron classification of
Hanley and Schuler [33], based on the purine or
pyrimidine content of the sequences upstream of
the 3" splice site, § introns can be classified as
class I (pyrimidine-rich), 3 as class IIT (purine-
rich) and 4 as class II (mixed class). Interestingly,
this distribution fits best with that of mammalian
genes rather than that of dicot plant genes. In-
deed, this gene has an unusual proportion of
pyrimidine-rich introns.

This gene is functional in 4. thaliana as shown
by northern blotting experiments (Fig. 4). Indeed,
a 3.2 kb transcript was detected in the poly(A)*-
mRNA fraction extracted from cell suspension
cultures.

The amino acid sequence deduced from the
Arabidopsis ak-hsdh gene is compared to the other
bifunctional enzymes of carrot and E. coli in
Fig. 5a. Analysis of the structure of the putative
gene AK-HSDH was done taking for conve-
nience the first residue of the KFGG conserved
motif as position 1. The gene product is made of
824 residues and has a calculated molecular mass
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Fig. 4. Northern blot with the Arabidopsis thaliana ak-hsdh
gene. Lanes 1 and 2 correspond to 3 ug RNA from cell sus-
pension cultures respectively the poly(A)"-mRNA and the
total fractions. In lane 3 are the molecular weight markers.

of 90065 Da. The so-called KFGG motif is the
core sequence of a highly conserved stretch
present nearly immediately at the beginning of the
protein. Two putative functional amino acid con-
served sequences are also boxed in Fig. 5a: the
D-P-R sequence, which is highly conserved
among all the AKs and the G-X-G-X-X-G se-
quence which is most probably the NADPH-
binding domain of homoserine dehydrogenase
[28, 34]. The D-P-R sequence which is in the first
half of the AK conserved sequence (Fig. 5b, top),
is likely to determine the kinase activity since it is
significantly homologous to the putative kinase
domain of the d-glutamyl kinase from the E. coli
proB gene [35] and Vigna aconitifolia P5CS gene
[36] (Fig. 5b, bottom). Codon usage of the
ak-hsdh gene indicates a strong preference in the
third position for A or T, since 649, of codons are
XXA/T, a rather strong bias. This value is in
agreement with the observed distribution of codon
frequency for dicot genes [37]. The Arabidopsis
apoprotein shows 80.3% amino acid identity to
the carrot sequence and is shorter by 2 amino
acids (position 313). Comparison of the plant and
E. coli bifunctional protein sequences reveals that
the homology is not evenly distributed along the

Fig. 3. Nucleotide and deduced amino acid sequences of the Arabidopsis thaliana ak-hsdh gene. Promoter elements as well as
polyadenylation signals are underlined. RE stands for regulatory element, (1) and (2) mark the cDNA ends.
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Fig. 5. a. Amino acid sequence of the drabidopsis thaliana AK-HSDH and comparison from the KFGG to the termination codon
of the 4. thaliana (At) with the carrot (Dc) and the two E. coli AK-HSDH encoding genes, thv4 (Ecl) and metL (EcII). (- ) and
() are for identical residues and gaps. b. Putative kinase domain. AK cs is the conserved (more than 50%) amino acids around
the D-P-R sequence from all AK sequences available to date. Sm, Serratia marcescens; Ec, Escherichia coli, Bs, Bacillus subtilis,
Cg, Corynebacterium glutamicum; Sc, Saccharomyces cerevisiae; Dc, Daucus carota;, At, A. thaliana [14, 25-30, 32]. Ec ProB and
Va P5CS gene are the D-P-R sequence respectively of E. coli [35] and Vigna aconitifolia [36].

amino acid sequence (Table 1). Indeed, sequences
from position 1 to 243 and from position 503 to

824 show nearly the same value of sequence iden-
tity, 31% and 399, to the 2 E. coli isozymes I
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Table 1. Sequence similarities of the AK-HSDH bifunctional
enzymes.

Ecl Ecll D¢ At
E. coli AKI-HSDHI 100 29.8 37.2 37.5
E. coli AKII-HSDHII 100 31.4 30.7
D. carota AK-HSDH 100 80.3
A. thaliana AK-HSDH 100

and II. In contrast, sequences in between are
much more homologous to the corresponding re-
gion of the E. coli isozyme 1 (thrA gene), 419,
identity, than to the isozyme II (metL gene), with
159% identity. These three blocks match exactly
the functional regions determined by proteolytic
studies on the E. coli bifunctional enzymes [38].
Therefore, the AK and HSDH catalytic domains
of the Arabidopsis gene are equally homologous to
their E. coli counterparts. Only the ID region is
specifically homologous to the AK I-HSDH I.
The relevance of this finding is discussed below.

Polymorphism of the ak-hsdh gene

Sequence comparison of the 2E19 and AF211
overlapping fragments, revealed only limited se-
quence variation. In the 1.4 kb fragment, the 37
changes were distributed as follows: 25 in the
introns (5 deletions or additions and 20 substitu-
tions) and 13 substitutions in the exons (8 silent).
Thus, about 68 %, of the changes were localized in
the introns and only 1.95% amino acid sequence
divergence was observed. These are features typi-
cal of race variation. The two phage clones cor-
respond respectively to the races Columbia and
Landsberg erecta. Another example of the poly-
morphism has been observed with the Hind 111
digestion of Arabidopsis total DNA.

5'- and 3'-flanking sequences

The 3 kb upstream region nucleotide sequence,
starting at the KFGG consensus, was analysed

for the presence of cis-controlling and promoter
elements. Screening for CAAT box, TATA box
followed by an ATG in a good context (distance
and a purine in position -3)was based on Joshi’s
analysis of plant 5'-flanking sequences [39] and
the PCGENE program EukProm [40]. These
analyses identified a putative promoter, the fea-
tures of which being summarized in Table 2. In-
terestingly, the TATA-box sequence was closer to
the consensus sequences of the enzyme subclass
of Joshi’s analysis. Putative cis-controlling ele-
ments were also identified. A TGACTC motif is
found upstream of the promoter elements, 170 bp
from the TATA box. This finding might reflect a
binding site of a plant GCN4-like transcriptional
factor. Indeed, in yeast, such motifs were shown
to be the binding site of GCN4, a positive regu-
latory factor of several enzymes of the amino acid
biosynthesis pathways [41]. Sequence analysis
for binding sites of known plant transcription fac-
tors reviewed by Katagiri and Chua [42] did not
show any perfectly conserved binding sites. Two
other binding sites of plant transcription factors
were investigated. The prolamine ‘-~ 300 element’,
which is found in a wide range of species to be
present in the 5'-flanking sequence of storage
proteins encoding genes [43], is not present in the
2 kb sequence upstream of the TATA box. The
Opaque2 binding site (GATGAPyPuTGPu [44])
is found at —744bp of the TATA box (GAT-
GACGTGG). The Opague? transcription activa-
tion factor regulates essentially the synthesis of

Table 2. Sequence analysis of the putative ak-Asdh promoter.

Element Sequence Relative
position (bp)
TATA box TATATATATAA 1
CAAT box CCATT -87
CCATC -47
First ATG AATATGCCG +254
Leader sequence AT rich +254 to +500

(200 to 250 bp

in length)
GCN4-like sequence CITTGACTCTA  -181
Opaque2-like sequence  GATGACGTGG -744
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Fig. 6. Transient gene expression of the putative promoter of the Arabidopsis thaliana ak-hsdh gene. A. Cell suspension protoplasts
(250000) were incubated each with 20 ug pEPAK4 (the 270 bp ak-hsdh promoter) and pHWS8 (a promoter-free construct).

B. Mesophyll protoplasts (500000) were treated identically.

the maize 22 kDa zeins [45] which are coordi-
nately synthesized with enzymes in amino acid
biosynthetic pathways required for their accumu-
lation in the maize endosperm [46]. It has also
been shown to regulate the synthesis of a maize
32 kDa albumin termed b-32 [47]. The involve-
ment of this motif in the regulation of the ak-hsdh
gene would suggest a possible common regulatory
mechanism.

The 3’-flanking sequence of the ak-hsdh gene
was analyzed for the occurrence of putative poly-
adenylation signals [48]. The ochre TAA codon
(T is referred as position -3 in this 3’ sequence
analysis), is the predominant one in higher plants
with a purine in + 1 but no preference for an
adenine or a thymine at +3 is observed. The
consensus sequence AATAAA is present twice at
position + 78 and + 103 and a polyadenylation
site is present at position + 122 as evidenced by
the cDNA nucleotide sequence analysis (Fig. 3).
The upstream 10 nucleotides sequences flanking
these motifs resemble the consensus sequence
whereas the downstream 10 nt sequences do not.
These AATAAA sequences, often present up-
stream of the polyadenylation site in plant
mRNA, have been shown to have a significant
effect on the formation of mRNA 3’ end [50].
Search for other less conserved sequences failed
to identify such motifs.

Functional analysis of the ak-hsdh promoter

The sequence between the Bg/II site (posi-
tion 1795) and the first ATG in the genomic se-
quence (position 2065) contains the consensus
elements of the ak-hsdh promoter: CAAT and
TATA boxes, the leader sequence and the trans-
lation initiation site analogous to the putative
translation initiation site found in the cDNA se-
quence. This 270 bp fragment was fused to the
f-glacuronidase (GUS) reporter gene so as to use
the Nco 1 site as the first ATG of GUS. This
construct was designated pEPAK4. Protoplasts
from cell suspension cultures as well as mesophyll
tissue of N. plumbaginifolia were used in a tran-
sient expression system with pEPAK4 and as a
control pHWS, a plasmid with a promoter-free
GUS gene. GUS assays show clearly that only
protoplasts treated with pEPAK4 give a signifi-
cant GUS activity (Fig. 6). These findings indi-
cate that the 270 bp fragment of the ak-hsdh gene
is most probably the functional plant promoter
and thus, that the first ATG found in the cDNA
sequence is the initiation codon.

Discussion

Aspartate kinase plays a major role in the bio-
synthesis of several essential amino acids. De-
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cades of biochemical studies in higher plants did
not result in a general model establishing its regu-
lation and isozyme status. The first break-through
came from the purification of another protein of
the aspartate-derived amino acid pathway in car-
rot [13]. These authors purified the homoserine
dehydrogenase and determined two internal
amino acid sequences. Surprisingly, one of the
sequences found was homologous to the AK re-
gion of the E. coli thrA gene. Association between
the threonine-sensitive AK and threonine-sensi-
tive HSDH has been suggested in pea [50]. Mo-
lecular cloning of the carrot ak-hsdh gene has con-
firmed its bifunctional structure [14].

Here, we report the molecular cloning of the
analogous gene in the model plant Arabidopsis
thaliana. Molecular study of AK in Arabidopsis
has specific aims. In this species, a mutant resis-
tant to growth inhibitory concentrations of
lysine + threonine was shown to have an AK ac-
tivity with decreased sensitivity to end-product
feedback inhibition and therefore a threonine
overproduction [9]. Insights gained by under-
standing the structural bases of the mutated alle-
les of AK from Arabidopsis may yield new ap-
proaches for improving the nutritional properties
of crop plants.

The ak-hsdh gene has been cloned as two over-
lapping genomic fragments. It is interrupted by 17
introns scattered along the sequence. They are of
small size as expected for Arabidopsis introns and
are predominantly of the pyrimidine-rich class.
Upstream of the KFGG conserved box of AK is
a putative transit peptide sequence interrupted by
one intron. The presence of a transit peptide se-
quence is in agreement with the localization of
AK and HSDH in the chloroplast [51, 52].

The amino acid sequence from the KFGG box
to the termination codon has 80.3% identity with
the carrot gene. The uneven distribution of the
amino acid sequence identities between the plant
and E. coli bifunctional proteins provides evi-
dence that the cloned plant genes are analogous
to the E. coli thrA gene. First, the ID region is the
most divergent region between the two bacterial
isozymes and clearly, the homology of the plant
sequence drops down to 15% with the ID metL

gene whereas it reaches 419 with the ID thrd
gene. Second, the ID region which is thought to
be involved in subunit association and devoid of
any catalytic activity is responsible for the AEC
(S-(2-aminoethyl)-L-cysteine, a lysine analogue)
resistance of a Corynebacterium glutamicum mu-
tant [30, 31]. More recently, additional evidences
that the threonine sensitivity of the AK-HSDH
enzyme rely on ID, came from deletion and mu-
tation analyses of AK-HSDH in Serratia marce-
scens [28]. Thus, the ID region bears probably
the feedback regulatory site of AK which is the
threonine sensitive site in the thr4 gene product.
Moreover, the carrot ak-hsdh gene corresponds
most probably to the threonine-sensitive HSDH
[13].

Although no functional expression of the plant
cloned genes has been reported, our analysis in-
dicates that the Arabidopsis clone probably rep-
resents the plant threonine-sensitive AK-HSDH.
Moreover, some biochemical data on the maize
and carrot lysine-sensitive AK show that their
subunits cannot be as big as the one encoded
primarily by the bifunctional gene [11, 12]. This
gene is present as a single copy in Arabidopsis and
despite relaxed hybridization conditions, no other
related signals could be detected by Southern
blotting analysis. The gene encoding the lysine
sensitive isoform of AK is probably of low ho-
mology with the bifunctional AK-HSDH-encod-
ing genes, as is the case in E. coli.

Flanking sequences were analysed for the pres-
ence of consensus sequences. At the 3’ end, a
polyadenylation signal, AATAAA, was repeated
twice downstream of the termination codon. The
c¢DNA isolated ended at 13 nucleotides from the
second polyadenylation signal which is in good
agreement with the role of these sequences in the
polyadenylation process. At the 5' end, screening
for promoter elements pointed out one putative
TATA box. We made the assumption that if this
promoter element was functional in the plant, the
first downstream ATG should be the initiation
codon according to the scanning mechanism
found in eukaryotes for translation initiation.
Such a codon, in a good nucleotide sequence con-
text and at an appropriate distance, was found.



The Bg/ II-ATG initiation codon, the 270 bp frag-
ment, was fused to the GUS reporter gene. Func-
tional expression of GUS was obtained with a
transient expression system using protoplasts
from cell suspension and mesophyll tissue of
Nicotiana plumbaginifolia. This finding indicates
that this promoter element is functional and
hence, the first ATG of the cDNA sequence, the
initiation codon. Interestingly, screening of the
upstream promoter sequences for other conserved
motifs revealed two putative regulatory elements.

1.A TGACTC sequence at 170 bp of the
TATA box. This element is present in single or
multiple copies at the 5'-non-coding regions of
genes subject to the general amino acid control
system in yeast. This putative cis-controlling ele-
ment is a great matter of interest with regard to
the regulation of the amino acid biosynthesis in
higher plants.

2. An Opagque?2 regulatory element [44] is found
at —744 bp of the TATA box. The Opaque2 trans-
activator was reported to have a direct or indirect
effect on the synthesis of enzymes of amino acid
biosynthetic pathways required for zein accumu-
lation in maize endosperm [46] and in particular
on AK as shown by monitoring the amino acid
overproduction of a maize L#r mutant in an
Opagque?2 background [53].

Although these two regulatory elements are rel-
evant as controls of the expression of a gene cod-
ing for an enzyme limiting the carbon flux to-
wards the biosynthesis of essential amino acids,
it is not yet known whether they are functional
in vivo.
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